The purpose of this study was to examine the suitability of fibronectin-binding protein FBP54 as a putative vaccine for Streptococcus pyogenes infections. When the distribution of the fbp54 gene among the clinical isolates representing various M serotypes was tested by PCR and Southern blot assays, it was found that all of the strains possess this gene. Furthermore, a significant increase in immunoglobulin G (IgG) antibody titers against FBP54 was observed in sera from patients with S. pyogenes infections compared with those from healthy volunteers (P < 0.005). Mice were immunized with FBP54 subcutaneously, orally, or nasally. An enzyme-linked immunosorbent assay revealed that antigen-specific IgG antibodies were induced in the sera of immunized mice, while high salivary levels of IgA antibodies were detected after oral and nasal immunizations. Mice subcutaneously or orally immunized with FBP54 survived significantly longer following the challenge with S. pyogenes than did nonimmunized mice (P < 0.001). These results indicate that FBP54 is a promising vaccine for the prevention of S. pyogenes infections.
Streptococcus pyogenes causes a number of diseases, such as uncomplicated pharyngitis, impetigo, acute rheumatic fever, and poststreptococcal glomerulonephritis. Acute rheumatic fever has decreased markedly in developed countries; however, it is still a leading cause of heart diseases among children in developing countries (3, 40) . An acute type of severe S. pyogenes infection called streptococcal toxic shock-like syndrome (TSLS) has been reported in the United States, Europe, and Japan since the mid-1980s (9, 16, 21, 28) . TSLS is usually associated with severe infections like necrotizing fasciitis and septicemia. Thus, a safe and effective vaccine against S. pyogenes would be highly desirable worldwide, and in this context, streptococcal surface proteins which are involved in the adhesion and invasion of host cells may be reasonable targets in the development of a new vaccine for protection against S. pyogenes infection.
A major virulence factor located on the streptococcal cell surface may be the M protein that confers resistance to phagocytosis and acts as an adhesin (11, 15) . Although many studies have revealed that M protein elicits protective immune responses against the infecting serotypes (6, 26, 27), there are two major problems in the development of this vaccine. One is that more than 100 different M serotypes have been identified and a number of clinical isolates have been M nontypeable (19, 35) . The other is that some M proteins share structural homology with cardiac proteins such as myosin and tropomyosin (10, 17) . The M19 protein possesses both a protective epitope and an autoimmune epitope in the amino terminus (2) .
Immunological aspects of M proteins have been extensively studied; however, the other streptococcal protein antigens have not been well assessed as vaccine candidates. In this regard, there are studies showing that immunization with proteases such as C5a peptidase and streptococcal cysteine protease elicit a non-type-specific immunity irrespective of the M serotype (20, 22) . More recently, several cell surface proteins have been reported to induce protective immune responses in mice (8, 13, 39) . However, it is still unclear whether these proteins induce protective immune responses to different M serotypes. Many studies have revealed that the fibronectin-binding proteins of S. pyogenes, SfbI (identical to protein F1) and FBP54, function as epithelial cell adhesins and/or invasins (4, 14, 18, 31) . We demonstrate here that all of the clinical isolates of S. pyogenes possess the gene fbp54, which encodes fibronectinbinding protein FBP54 (5) , and that the deduced amino acid sequences of this protein are highly (Ͼ98%) conserved among different M serotypes. Thus, the ultimate goal of this study was to determine whether the FBP54 protein is a promising candidate for use as a vaccine against S. pyogenes infection. manipulation experiments and was cultured in Luria-Bertani (LB) medium or on LB agar supplemented with ampicillin (100 g/ml).
DNA manipulations. Isolation of chromosomal DNA and plasmid DNA, transformation, Southern blotting, and PCR were performed as described previously (38) . Nucleotide sequences of target genes were determined by a DNA sequencer (model 310; PE Applied Biosystems, Foster City, Calif.) and analyzed with the GeneWorks program (IntelliGenetics, Campbell, Calif.). Other DNA manipulations were carried out in accordance with the manufacturers' instructions.
Preparation of FBP54 and anti-FBP54 specific antibody. The fbp54 gene was amplified by PCR from strain SSI-1 genomic DNA as a template with primers containing EcoRI and XbaI sites. The PCR product was ligated with the pTrc99A (Pharmacia) expression vector, and the resultant plasmid was transformed into E. coli XL-1 Blue. The organisms were grown in LB broth to mid-log phase and incubated for another 2 h following the addition of IPTG (isopropyl-␤-D-thiogalactopyranoside) to a final concentration of 0.3 mM. Recombinant FBP54 (rFBP54) protein was purified from this cell lysate. FBP54-specific antiserum was obtained from rabbits immunized subcutaneously (s.c.) four times with rFBP54 protein.
Measurement of FBP54 expression on streptococcal strains by enzyme-linked immunosorbent assay (ELISA). Streptococcal strains were grown overnight in THY broth with or without bovine testis hyaluronidase (final concentration; 100 g/ml; Wako Pure Chemical, Osaka, Japan). The cells were harvested by centrifugation and suspended in 0.1 M carbonate buffer (pH 9.6). The samples (100 l) were placed into 96-well ELISA plates (Sumitomo Bakelite, Tokyo, Japan) and incubated for 2 h at 37°C. The wells were blocked with phosphate-buffered saline (PBS) containing skim milk for 2 h at 37°C. The wells were washed three times with PBS and incubated with rabbit anti-FBP54 serum for 2 h at 37°C. The plates were washed and incubated with horseradish peroxidase (HRPO)-conjugated goat anti-rabbit immunoglobulin G (IgG) antibody (Southern Biotechnology Associates, Birmingham, Ala.) for 2 h at 37°C. The wells were then washed and developed with TMB (3, 3Ј, 5, 5Ј-tetramethylbenzidine; Moss Inc., Pasadena, Md.) solution. After a 15-min incubation, the enzyme reaction was stopped by adding 0.5 N HCl and the A 450 of the plates was read using a microplate reader (Titertek MK11; Flow Laboratories, McLean, Va.).
Immunization of mice. Female 6-week-old BALB/c mice were separated into five groups for immunization with rFBP54 as shown in Table 1 . We performed three separate experiments. Two groups were orally immunized with cholera toxin (CT; 10 g)-FBP54 (10 g) or CT (10 g)-PBS by using an intubation needle. The third group was nasally immunized with CT (10 g)-FBP54 (10 g). The fourth group was s.c. immunized with FBP54 (10 g) in Freund's complete adjuvant (FCA; Difco Laboratories, Detroit, Mich.). The fifth group was s.c. injected with PBS. Immunization was performed four times, on days 0, 14, 28, and 42.
Sample collection. Human sera were obtained from 10 healthy volunteers (age, 26.4 Ϯ 2.8 years) and from 12 patients (age, 33.2 Ϯ 18.2 years) with S. pyogenes infection with informed consent. Blood and saliva samples of mice were obtained on days 0, 14, 28, and 49. Blood samples were collected from the inferior ophthalmic vein by using a capillary glass tube. Saliva samples were collected by treatment with pilocarpine hydrochloride (Wako Pure Chemical). These samples were divided into aliquots and stored at Ϫ20°C until used.
Antigen-specific ELISA. Serum samples were analyzed for FBP54-specific IgA and IgG antibodies by ELISA using a modified version of the procedures described previously (23, 24) . Briefly, 96-well ELISA plates (Sumitomo Bakelite) were coated with FBP54 (5 g/ml) in 0.1 M carbonate buffer (pH 9.6) and incubated at 4°C. The wells were blocked with PBS containing skim milk overnight at 4°C. Duplicate twofold serial dilutions of samples in an appropriate range for the particular analysis were incubated in the wells overnight at 4°C. The wells were washed and incubated overnight at 4°C with HRPO-conjugated goat anti-human IgG antibody (Jackson ImmunoResearch Labs, West Grove, Pa.) or HRPO-conjugated goat anti-mouse IgA or IgG antibody (Southern Biotechnology Associates). The wells were then washed and developed with TMB solution. After 15 min of incubation, the enzyme reaction was stopped by adding 0.5 N HCl and the A 450 of the plates was read using a microplate reader (Titertek MK11; Flow Laboratories). The results were presented as the difference between the absorbances of the pre-and postimmunization samples. The reciprocal endpoint titers of antigen-specific IgA and IgG antibodies were defined as the highest dilutions giving an A 450 of 0.1.
Opsonophagocytosis assays. The opsonization assay was done, with minor modifications, as described previously (8) . Briefly, 80 l of heparinized whole blood was mixed with 10 l of bacteria (ϳ5 ϫ 10 6 CFU) and 20 l of rabbit anti-FBP54 serum or nonimmunized serum for 5 to 10 min at 37°C. The sample fixed on a glass slide was stained with Giemsa stain, and the percentage of bacterium-associated leukocytes was determined by counting 100 cells per slide under a microscope.
The bactericidal assay was performed, with minor modifications, as described previously (41) . Briefly, 80 l of heparinized whole blood was mixed with 10 l of bacteria (ϳ30 CFU) and 20 l of rabbit anti-FBP54 serum or nonimmunized serum and gently shaked for 3 h at 37°C. The mixture was serially diluted and plated on THY agar. Following incubation, the number of CFU was determined.
Mouse protection assays. Actively immunized mice were intraperitoneally challenged with an appropriate number of CFU of S. pyogenes SSI-1 (M3), SSI-9 (M1), or S42 (M12) on day 51 following immunization. On the other hand, CD1 mice were passively immunized with 100 l of rabbit anti-FBP54 serum intraperitoneally 4 h before the challenge with S. pyogenes. Mortality was recorded every 24 h.
Statistical evaluations. Data are presented as the mean Ϯ the standard error of the mean (SEM). Statistical analyses were determined by 2 analysis for the survival studies and by a nonparametric Mann-Whitney U test for all other analyses using Statview for MacIntosh. All conclusions were based on a significance level of P Ͻ 0.05.
RESULTS
Expression of the fbp54 gene and FBP54 protein among S. pyogenes isolates. To determine the distribution of fibronectinbinding protein-genes encoding sfbI and fbp54, PCR and Southern hybridization assays were done. All of the test strains of S. pyogenes were found to possess the fbp54 gene but not the sfbI gene by PCR analysis (Fig. 1A) . Southern blotting showed the same observation (Fig. 1B) . The deduced amino acid sequences of the fbp54 genes revealed that they are highly conserved (Ͼ98%) among the test strains, and the FBP54 protein was found to consist of 474 amino acids. Differences in the expression of this protein among heterologous S. pyogenes isolates were recognized by ELISA using rabbit anti-FBP54 serum (Fig. 1C) .
Immunogenicity of FBP54 and opsonic activity of anti-FBP54 serum. To evaluate the possibility of using FBP54 as an immunogen, levels of FBP54-specific IgG antibodies in sera from healthy volunteers without any symptoms of S. pyogenes infection and from patients with streptococcal pharyngitis and impetigo were measured (Fig. 2) . Higher levels of FBP54-specific IgG antibodies were observed in sera from patients with pharyngitis than in those from the healthy control group (P Ͻ 0.005).
To examine the opsonic activity of anti-FBP54 serum, strain SSI-1 was employed in the in vitro opsonization and bactericidal assays. Association of strain SSI-1 with polymorphonuclear leukocytes was accelerated in human whole blood and rabbit FBP54-specific antiserum (P Ͻ 0.01; Fig. 3A) , and bacterial growth in whole blood containing the antiserum was significantly reduced (P Ͻ 0.05; Fig. 3B ) compared with that of the strain incubated with nonimmunized rabbit serum.
Humoral immune response to FBP54 in mice. Following the four immunizations with rFBP54, anti-FBP54 IgG antibodies were markedly induced in the sera of mice immunized s.c., nasally, or orally (Fig. 4A) . CT-immunized and nonimmunized control groups did not show any detectable humoral immune responses to FBP54 in sera (data not shown). Nasal and oral immunizations induced antigen-specific serum IgG and salivary IgA antibodies, whereas s.c. immunization did not elicit IgA production in saliva ( Fig. 4A and B) . However, s.c. immunization strongly induced FBP54-specific IgG antibody in serum and in saliva in comparison with the nasal and oral administrations ( Fig. 4A and C) .
We next examined the profile of FBP54-specific IgG subclasses induced by these three kinds of immunizations (Fig. 5) . Immunization via the s.c. route showed an IgG1-dominant profile (IgG1 Ͼ IgG2b Ն IgG2a Ͼ IgG3), suggesting that systemic administration of FBP54 and FCA preferentially induced a Th2-type response. In contrast, nasal and oral immunizations with FBP54 and CT produced similar patterns of IgG subclasses, with similar titers of IgG1, IgG2a, and IgG2b antibodies, indicating that the mucosal administrations lead to neither a typical Th1 nor a Th2 immune response.
Protection of mice immunized with FBP54 against intraperitoneal challenge with S. pyogenes isolates. On day 51 after the first immunization, all of the mice were challenged intraperitoneally with 10 6 CFU of S. pyogenes SSI-1 obtained from a patient with TSLS (Fig. 6 ). Eighty percent of the nonimmunized mice were killed within 5 days. In contrast, most of the mice immunized either orally or s.c. survived. To examine the protection of FBP54-immunized mice from lethal infection with heterologous isolates obtained from TSLS patients, we chose the s.c. route for immunization. Twenty percent and 40% of the nonimmunized mice escaped death after i.p. infec- FIG. 2 . FBP54-specific antibodies in sera from healthy volunteers and patients with S. pyogenes infection. Antigen-specific antibody titers in sera from the patients (n ϭ 12) were significantly higher than those in sera from the healthy control group (n ϭ 10) (P Ͻ 0.005). Values represent the means Ϯ the SEM. tion with SSI-9 (M1) and S42 (M12), respectively, while 80% of the FBP54-immunized mice survived (Fig. 7) . These results suggest that FBP54 is an effective vaccine against S. pyogenes infection.
We then examined the effect of passive immunization with anti-FBP54 serum on mouse lethality. A significant reduction in lethality was observed in 15 mice immunized passively with the antigen in comparison with 15 nonimmunized mice when all of the mice were infected with strains SSI-9 and S42 (P Ͻ 0.05 and P Ͻ 0.01, respectively). In contrast, no significant difference in mortality was observed between immunized and nonimmunized mice following the challenge with strain SSI-1 whereas the immunized mice survived longer than the nonimmunized ones.
DISCUSSION
It has been previously reported that the distribution of various fibronectin-binding proteins (e.g., SfbI [protein F1], SfbII [SOF], protein F2, and PFBP) correlates with M serotypes of S. pyogenes (25, 33, 34, 37) . The most common serotypes of strains isolated worldwide from pharyngitis and TSLS patients are M1 and M1/M3, respectively. However, these strains seemed not to possess fibronectin-binding proteins and/or their genes (12, 30, 32) . In this study, we showed that all of the test strains from TSLS and non-TSLS patients possess the fbp54 gene with different serotypes of M protein (Fig. 1A and B) . It was also found that FBP54 is expressed in different quantities on the cell surface of S. pyogenes, as revealed by ELISA using rabbit anti-FBP54 antibody (Fig. 1C) . Since common epitopes or proteins are better targets for the production of a universal vaccine, the FBP54 protein could be a better candidate than the M protein. Therefore, we chose to evaluate the efficacy of FBP54 as a vaccine in this study.
Sera from human volunteers were found to contain high levels of antibodies specific for FBP54 and low levels of SPE-B-specific antibodies. Regarding this finding, two hypotheses could be proposed. One is that FBP54 is a better immunogen than SPE-B in human beings, and the other is that some microorganisms induce antibodies cross-reactive to FBP54, as they seem to possess an epitope similar to the FBP54 protein.
A homology search of the GenBank database revealed that S. pneumoniae PavA and S. gordonii FlpA possess amino acid sequence similarities of 62 and 63%, respectively. Nasal, s.c., and oral immunizations with FBP54 resulted in induction of FBP54-specific IgG antibodies in sera (Fig. 4) . The immune responses elicited by s.c. immunization with FBP54 clearly protect the mice against intraperitoneal challenges with a lethal dose of S. pyogenes (P Ͻ 0.001; Fig. 7) . These results indicate that serum IgG antibody is the most important for protection against S. pyogenes infection. Induction of salivary IgA following nasal and oral immunizations may also be beneficial in protection against S. pyogenes infec- Table 1 . Values represent the mean Ϯ the SEM of log 2 ELISA titers of four or five mice. ND, not detected at an ϳ1,000-fold dilution of serum. i.n., intranasal; p.o., peroral.
FIG. 6. Lethal challenge of FBP54-immunized mice with S. pyogenes strain SSI-1. Mice (n ϭ 15) were injected intraperitoneally with 10 6 CFU of strain SSI-1 (M3) on day 51 after the first immunization. Mortality was monitored every day. 2 analysis was employed to analyze the significance of differences between the means of FBP54-immunized and nonimmunized mice on day 8. ‫,ء‬ P Ͻ 0.05; ‫,ءء‬ P Ͻ 0.001. p.o., peroral; i.n., intranasal.
FIG. 7.
Protection of mice immunized s.c. with FBP54 against lethal infection with heterologous S. pyogenes strains. Groups of mice (n ϭ 15) were injected intraperitoneally with strain SSI-9 (M1; 10 7 CFU) or strain S42 (M12; 3 ϫ 10 7 CFU) on day 51 after the first immunization. Mortality was monitored every day. 2 analysis was employed to analyze the significance of differences between the means of FBP54-immunized and nonimmunized mice on day 8. ‫,ء‬ P Ͻ 0.05; ‫,ءء‬ P Ͻ 0.001.
tion, in addition to the serum IgG-dominant systemic immunity, since S. pyogenes initially adheres to and subsequently propagates on the mucosal surface of the oropharynx.
Nasal and oral immunizations with FBP54 alone resulted in an induction of FBP54-specific IgG and IgA antibodies in saliva on day 49 following the first immunization (results not shown). This phenomenon suggests that FBP54 has mucosal adjuvanticity. Medina et al. (29) have reported that nasal immunization of mice with SfbI (fibronectin-binding protein)-ovalbumin conjugant elicited ovalbumin-specific IgA antibody in lung wash. Bacterial fibronectin-binding proteins may exhibit mucosal adjuvant activity, and fibronectin-binding domains may be responsible for this particular activity. Investigations are ongoing in our laboratory to determine the functional domain.
Although rabbit anti-M protein serum promoted almost complete killing of S. pyogenes during the 3-h incubation with whole blood (2), significant but not complete inhibition of bacterial growth was seen with rabbit anti-FBP54 serum (Fig.  3 ). An explanation for this could be that, of the M3-type strains used in this study, strains SSI-35, M2938, SSI-7, and SSI-8 possess a high level of cell-associated protein which reacted with anti-FBP54 serum, compared with strain SSI-1, used in Fig. 3 (Fig. 1) . If a high titer of anti-FBP54 serum or strains with high FBP54 expression had been employed for this bactericidal assay, S. pyogenes growth might have been inhibited more strongly than in our assay or even completely.
M protein-specific antibodies have been reported to be involved in serotype-specific opsonization and to protect against group A streptococcal infection; however, these antibodies cross-react with some host tissue components, such as myosin, tropomyocin, and vimentin (36). Dale et al. (7) constructed a recombinant multivalent M protein vaccine containing aminoterminal subunits with protective epitopes alone, but it was found to be tissue cross-reactive. Isolates from patients with TSLS mainly show the M1 and M3 types worldwide. Furthermore, passive immunization with antibodies to FBP54 results in rescue of mice infected with a lethal dose of S. pyogenes. Therefore, from a therapeutical point of view, a vaccine that contains M1-and M3-specific and FBP54-specific antibodies, along with the administration of antibiotics may rescue TSLS patients from death.
The fibronectin-binding domain of FBP54 has been suggested to be the N-terminal 1 to 89 residues of the molecule (5). Furthermore, the antibody to the N-terminal residue 1 to 89 peptide segment of FBP54 binds to S. pyogenes (14) , suggesting that this repeat region is expressed on the surface of the cell. Thus, this functional domain within the N-terminal region may be a useful, short segment for a peptide vaccine against S. pyogenes in the future. In conclusion, FBP54 possesses considerable antigenicity in humans and immunization of mice with this protein induces protective immune responses irrespective of different M types.
